(m !NT£RH*!K>!SAi:, Af*»M:CAT!ON PUSHED UNDER THE .PATENT COOPERATION TREATV (PET) 



(1.9) VVorkl IBfelkicAsaS Property 
Org&ssstorflosa 
hnemasiomsl Bureau 



4 August 2005 {04.CIS.200S) 




WO 2005/071437 Al 



•; 2 i ) IstorosthmaS Afs^ik-atk>s NiiMrihsr; 



(t%) h\tem»thoml Ffcg Oata: 20 3m\wy 20BS :200s} 
(25) EBhtg LaogRssgec EAgiNh 
i 2ii> BiS.iEtesSlors Es«g«iig> - " BsgS'ish 



(3i» Priority Daia; 

fi4i>i :>:iO '> 



2 1 jiaausry 2«>4 (2 > 0 i ,:20(i4} OB 



f 71.) Appfkaot ifi^i'iiU iitnixnamf States <x*xvpti'Sk STIOIT- 
W<* V«K>£4 ISE WETKNSCHAP^EN 
I'NE/N'Li;. Van mtesJsovi^hi&a OA . NE--.5S27 JE Vm&ti 
(E'E>. 

C?i) temtors; ami 

(75) Eive«5«r^'AjrpS:k^s«is .0'E>' tMvnty/i S)E J'ON<»» Nteolaas 

WW; Ddmfefti 7-1 ; NL"2i>2.i BE »> «k tjs-- 

sel (NE>. Wii Aysdie Schiewsg: Mki, 

WS REhek&sKi (MA 

(7.4) Agisafc OiSARSO, Kayntond; Btk ttotm- Cfarkmn, l*#rk 
VieA HiSftSe. 58 Tfiii SosJevysdh, NoStisighssri NO ! SDD 
(OS). 



•fSI) l>ssslg»si«J States (sitthw oiherivije mdmaieik ft>r ewry 
■ kitbi 'mstiumt! pxifcxtiott aviiiial:>i\ Ail AO. AT.., A'vi, 
AT; AO. AZ. 8A. BB, BO, BE. BW, BY, BZ, CA, <,.;.!. CN, 
< ; > < k, CO, ; * DE, OK. DM, HA BC. BB. i $ ES, Ft 
OB, <i(>. OE, OH. CM, MR. iUh iO. IE, IN, IS, JR EE, 
K.O KB KR, RE. EE, EE, ER, EE, EE EE, hV. MA, MO, 
MO; ME, MK.MW, ME, MZ, MA. El NO. JEA OM, TO, 
PR PL, PT, KO, m, EE: SO, SB, SO SSE SE, SY, IX TM, 

m.fR, : rr, vz\ ba ; uw., bs. uz, vc, vn. ye. za, zm, 
zw. 

{<S4) BffssgsaBied States (siatfaxi tisheryvsyF s>u!i< <:!;<><;. Jhi 

toii ^«^^.^m»(W» avaiiahk}t AR3TO f BW, Off, 
KE, OS, MW. MX, NA. SO; SE, ESZ. TZ, EG, EM, 
ZW), BanAiafi (AM. AZ, BY, K«, KZ, MD, EE, 'EE's M>, 
IJaropeajj (AE BE. BO, EH, EY, CZ, DE, DK, HE, HS, 1% 

m. oB <i : R, mE in. Bar ei.ese m<. \ ni^ pe. be «o, 

STt; SE SSL TR>, OAP! (BE, BJ, CE CX?, EM, OA, ON, 
G<A <JW, ML. MIL NIL SN, TlX (Os 

BaE!:ish«4: 

— wish (nizrtt4sa&(}tf4Sti.s£«is(;ii rep&ri 

hiffim; fhtt. ■axpimften #f ' [ iktt iiftm limit far ajmnittng ih# 
claims and if fefe wptih!l$l^:-M\$p\i!vefitf-.- <tf' tiitfitffit <tf 



■(Hi 'OA: 0ON1'EAEt:O|fAEE8.EQEENCY SMAOfNO 



. v -..™™ I ' EE 

ri | / --<^ 3 /\ k - . |>r ° be ( 

\ Seu^2(. HF ! *Viy \/ 1 | 

! i ,\ ,\ /\r-EZ ] T , i: .y \ % 

i V \/ 'v. 1 """"" f-Tr+XZ U-i|? y- \ I 

| .CZT^ , ,n.,^J. Vflrr | ^ r- - \,,-< 

I .i ...I f 

! j OiOOA, I «? 
•( vEiAiESEfi. | 

: — , ,> 

EE ; ->t<:j AY ! 

!'S7) .Attstmetx A method and ;i.pp;.«'3i:as E>r oia-ssoiiad imaging which uses dyaf Trsqiaencsy esi;:ifiS:a>t; of a ttsrgpi 
si«ci«li'asa«s*ws|y irradiated with sT«^^^J6w/fiis^^n^''^tt^imd''<^(^'^i^t}g sigsai a«da Main'«Jy high h'sqtje 
dafCJCfKfJ! -ij;;3>al. 1 |;tv i."0!ii;Ut;O:!(i!?j< si^ftai vao<( iE.sS.o's. . >;i,Mt.,!l jtrupoviy tc js. ^i#j> t»? fhsi s5.;'!Kisiii.;s (t'.;.': :Sj;i:s hftb% 
ssrget, which fn.osla causes chimges la she- sc.h<; »igs;i.l res|xmse of she ilrss siraciures to the detecfea stg.a;;! . A s: 
B adap!ixi So puccss the ;ss:oiwd ettso s(«?saE to detect ilse {>tiM:t see est the Ertf struc by ^ims? dim. fm& msgnttx* 
As<m;)\ a* no anstRg Eo«s: pariMs xfhaxi the t:««dith'>p:B'is SigsBtfe sr a 6m ph3. ! « &ad ;j Vwk* h . oisl niagjoiiiJe >>:f* 
echo aj'Eias Eo»T( penods whc« ihe <.^ti^i«(lSx^>^^I:^'i»»'$^»4:^ts.>s^ 



i ts 

sad 

ihe 

:goa! proceiiSfjr 
oo E,-u.-..:u-a 
testiciifio signal 



WO 2005/071437 A i EilHIIilllBHlllIIMMlllllil 



PCI Gazette. 



wo tmwinux? 



contrast mjajL wmMzwmmtM &Bmat 

The present invention relates to ultrasound imaging techniques, and in 
particular to ultrasound imaging techniques that use eoxhinst enhancement 
5 agents to enhance discrixninatidB between different stmenrres under 
&xmramitm within a target mddi^rn or body ; e.g. tissues and other strocmres 
•within the huzaan body. 

Over the past decade, contrast agent in a fmm of tiny gas bubbles has been 
10 hrtroduced to improve image quality in ultrasound imaging teekmqpes. The 
gas babbies are Mused into a region of interest to increase baekscauered 
echoes from desired organs of interest to. extend the utility of ultrasound 
contrast imaging, research has been actively focused in deysh^piug efficacious 
'uhrasoimdjqoEurast agents and new contrast-specie 

15 

Second : harmonic-based, techniques enhance the detection of nlteasonud 
contrast agents within marry shiMnrs% such as oarfiae chambers. Second 
bariBorrie fechniques exploit the deferences hi response of gas microbubbles 
and tissue to ultrasound hradiation. Serf tissues are known to he linear 
20 icfceters of ultrasound, energy, whereas contrast hubbies exhibit a non-linear 
or hamaonio behaviour when mtetaetiug wi&ultmso\ind waves. 

By coincidence, it was found that imaging tissue at the second harmonic 
frequency, even without Injection of contrast hWIesc improves image quality 
25 considerably, This mode, called native tissue harmonic imaging, has 
demonstrated advantages in various clinical applications, 

Howevep recent stadies have shown that bunging contrast babbles and tissue at 
second harmonic frequency only is also associated with some disadvantages, 
30 such as harmonic contamination from tissue. Tissue harmonic contamination 
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reduces Che contrast deteoto capability and thereto the contrast to tissue 
ratio. Higher harmonic feqagrleles were then suggested as a way to increase 
t'ho ability to detect or discrnninate between contrast gas babbies and 
•surrounding scattering xoedinm and have bbowb pronxlsnig In vitro and in vjvo 
5 results., as described in, Bouakaa ei aL^mmmd in Medicine am! Biology, 
Volume 28, Issue 1, pages 1--13? (January 2002). 

It as m object of the present invention to provide an ultrasound imaging 
technique that is able to improve contrast bubble detection over existing 
10 tecmhqnes. 

According to one aspect, the present invention provides an apparatus for 
iiitrasormd imaging comprising: 
a signal generator, 

1 5 la trananirt ■dnnsdnoer coupled . la the. signal generate for si jnultaneonsly 

irmdiatmg a target with a rektivehy low frequency ultrasound eondmomng 
signal #d & s^latively M^l^eaey ultrasound detection signal: 

& receive 'transducer for receiving echo signals from the irradiated target; 

add 

20 a signal: processor adapted to process the received echo signals to detect 

the presence of first stmerares •wti^xia the target causing, a first niagrntude of 
detection signal echo arising from periods when the conditioning Signal is in a 
first phase and a second, djdffef^ty.mgpatoae of detection signal, echo arising 
from periods when the conditioning signal is in a second phase. 

25 

According to another aspect, the present indention provides an apparatus for 
•ultrasound imaging comprising; 
a signal generator; 
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a oaes-sui trail. saucer coupled to the signs] generator for sinnm:aneoudly 
irradiating- a target with a relatively low frequency nitrasoursd conditioning 
signal and a relatively high frnqnesey alhosonnd detection $kf$$&% 

a. receive Transducer for receiving echo signals from U>e target: and 
5 a signal, processor adapted to process the received echo signals to 

differentiate lave stracmre-s within the target whose physical properties change 
as a lu action of the oondi honing signal Iron? second structures whose 
corresponding physical properties remain substantially invariant in response: to 
the conditioning Signal. 

10 

Aceecding to another aspect, the present indention provides a method of 
ultrasonnd imaging comprising the steps of: 

simultaneously irradiating a target with a relatively low frequency 
tdtxasonnd conditiorilng signal and a relatively high. frequency idhasonnd 
t : S detection signalp 

receiving echo signals fesmfctaErg^-^iid 

processing the received echo signals to detect the presence of first 
stmetares within .the target canning adfest ^a^irdtde of detection signal echo 
arising from- periods when the conditioning signal is in a first phase and a 
20 second, different, m&gpiinde of detection signal echo arising from periods 
when the conditioning signal is in a second phase. 

According to another aspect the present invention provides a method of 
ultrasound imaging comprising fee steps of: 
25 simultaneously irradiating a target with a relatively low frequency 

ultrasound conditioning sign el and: a relatively high frequency ultrasound 
detection signal; 

receiving echo signals frorn the target; and 

processing the received echo signals to diSerenhate first structures 
30 within the target whose physical properties change: as a. function of the 
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conditioning .signal froia second stmumres whose corresponding physical 
properties remain substantially in^arbnl in response to fts conditioning signal, 

Embodiments of the present rrweruion will sow bo described by way of 
5 example and' with refer ersce to the accompanying drawings in which; 

Figure I slows variation in a confcast agent bubble radius under 
'msmmcmmn with a cmMikmmg signal (iue radius^irne curve), for a bubble 
having aoisW (resting) radius of 2 microns; 

Figure 2 shows the echo signal, response of a. contrast agent bubble to a 
10 detection, signal as a foncdon of bubble siso, t^1^#ps 1.85 microns (figure 2a) 
andrsdias 234 microns (figure 2%. 

Figure 3 shows the ecbo signal, response of a contrast agent bubble: to an 
tiltr^soima. beam haying eom&tsasfrsg signal ireapsney of 0.5 MHz 
md i&t&o&wi. signal &o<^my of 3 ,5 
15 Figure 4 shows the echo signal im^potm of a contrast agent bubble la m 

inaoiiifymg ultrasound beam having conditioning signal frequency of 0.5 MEfe 
and deteofipB: sighal frequency of 3,5 MHz, the eoho signal being filtered at the 
second harmonic of the detection signal frequency: 

Figure 5 shows an optical image generated to detennine ike resting 
20 radius of" a contrast agent bubble; 

Figoxe 6 shows fee variation m a contrast agent bubble diameter noder 
insomioatioa with a conditioning signal (the diameter-time curve) for the 
bubble of figure 5 having nominal (resting) diameter of 4 microns, as measured 
with an mltrafast camera; 
25 Figure 7 shows filtered diameter-time curves for the bubble of figure 5, 

filtered at Oi MIts and 3,5 Mlrf^ 

Figure S shows a. sohematio diagram of exemplary hutonitymg 
apparatus; 

Figure 9 shows first and second suoceaswe transmit waveforms used In a 
30 convent! on a \ pnlse inversion imaging technique: 
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Pi gore 10 shows first and iS^e^t)^-^ip^e.s^Ye.-l^smi:t wavsfonns used in 
S pulse xxwersion conditioning, and deteetloB signal que according to fee 

present invention: 

Fi gore XI shows first and second echo signals from non-linear structures 
irradiated wffb die wavetbi-nrs of figure 9; 

Figure 12 shows ihuv and second echo signals :Cro;n xm-ttiimt swuctures 
irradiated with the wavefornrs of figure 3 0: 

Figure 13 shows the sum of theeeh© signal^ of figure 11; 

Figure 14 shows the sum of the echo signals ©fSgars 12; and. 

Figure 15 shows a schematic diagram, of an. echo phase shift eorreiation 
process. 

The method of the present invention is 'based on Heading two frequeacy 
eotopoamts for snTmltaneoos 'immxmdm to irradiate or excite a region of 
interest of a target ho&j ;ondor ^aniuiation (generally described taefo- as & 
"target)- A firstgMat^ly low if«qnerK?y vOB^onesu signal referred to hetem 
as ihe : s conditioa»g^ or modiMtiOU signal is combined with a second, 
f stMYely high fiequenqy eoBTponsat signal, ref^rxei to: herein as th.e ^detection' 
signal;. The lower frequency (eondvifltsniit^ Signal is used to .modulate the size- 
of eofitrast: agent bnbbles by maldhg tbetn. vibrate. The high, frequency signal, 
which is blended, with the low ixequ^y signal is used to interrogate the 
modulated bnbbles, e.g. to enahk imaging or detection by way of the local 
oscillations of the eorrirast agent bubbles that are induced by the low frequency 
signal 

An advantage of mixing the conditioning signal and &e detection signal resides 
in die fact thai fhs.condmomug signal alters the rwaical properties of certain 
contrast agent structures (e.g. gas bubbles). Ah irragortarxt physical property of 
the gar hubbies thai is nuidulated by the condiuoning signal is size, and 
therefore also resonant hcqucnoy. The. size of a gas babble therefore varies 
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according to the compression and rarefaction caused, by the acoustic pressure 
applied by the dmmomm ^gnaL The size: of a gas bubble will reach a 
mmmum dating the positive pressure cycle of (he conditioning signal and a 
maximum during the negative pressure cycle of ; conditioning signal. In 
5 o&er words, the bubble size will osddauu expanding m die negative 
(rareihedoa) phase of the sonditioimng signal and shaking in the positive 
(compressioii) phase of die conditioning signal 

I3pring these two phases of the condrMomng signal, the detection signal, is 
10 transmitted and used to detect or image the :sam«"Bl^Hes. Hence, die deteetion 
signal will sense the same bubbles but at two d»eat stages; small and large 
size depending on the phase of the low frequency signal During the expansion 
p'h&se (rarefaction of die lower freqneuey signal^ ars iusouiilea 

with the higher frequency detection i&pfll> a # sbjin&ago pbase 

15 (compression, of the lower frequency signal), smaller bubbles are insomfied 
with the Hgber fequmoy deteenon signal Conseqaertly the response of the 
gas bubbles to the detection signal will be different in the positive and negative 
cycles of fhe , oondiiiouing aigaal 

20 When non-osorllatmg wttes (such as body tissue) are present (no gas 
babbles present in die target medium), the response will be identical in both 
phases of fhe conditioning signal since these scatterers do not oscillate, This 
finding will increase fee distinction hi response between gas bubbles and tissue, 
nsoally teutaed contrast agent to tissue ratio compared to adier existing 

25 methods. 

With, reference to Ggme 8, to deploy snob a method, an. ulixasome array 
transducer or "probe 3 80 is used that is able to transmit both the higher and 
lower frequency components, Sneli a requirement can be fblfiiled with, for 
3D example, the dual frequency iransdnoer described in Bouakur et of. Ultrasound 
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is Medicine asm Biology, Volume 28, Issue h pages I-Jll? (January 2002), 
The dual frequency transducer described therein contains two different types of 
active . x \. s t! jxe se.nsith?e: M l ^oS^^'^-^^m&y 'hm&$. O&er types 
of transducer probe may be used, as will fee apparent to fee person skilled in the 
5 art. 

The transducer SO is connected to a signal generator oompri sing first and 
second signs! sources SI, 82 and a signal blender 83 for surmning or otherwise 
qonibinmg the relatively low frequency eondidoBing signal fxtntr source 81 and. 
10 tfce relatively high frequency detection signal from-s&v^^. 82, Tk& blended or 
combined signs] is supplied to the tmnsdneer SO which irradiates a region of 
interest or target 84 in a body 85 under examination. 

Ilse target 84 includes diii&rem tyg&g. &$ strtxqrtire .that. are capable of being 
l$i resolved and separately: inmged using fie b&k&-- : o£:3£& nimsnntted nltrasotmd 
signals,. The target preferably includes at least; (i) a first type of structure that 
Jm at 'hmt one physical property M&ik.y&ki&i as a fertedori of the conditioning 
sigrml: and (h) a sescmd type <sf strueture for wbiefe the corresponding physical 
property does not vary significanfly as a iimcdon of the conditioning signal , • 

20 

la preferred applications, &e<-fest-v^pe stmStwre is a contrast ■agesrt, snob as 
fluid or- fhnd-fiOed s bubbles' s wbicii produce, a non-linear response to the 
ultraserde excitation. IhxfeaMy, tie bpbMes are gas bubbles as well known in 
the art of ultrasoimd iisagirig. 

25 

In preferred applications, die second type of suxicture is body tissue which 
produces a. substantially linear response to tie ultrasonic excitation.. It will be 
understood that die response of the first and second types of strueprre may: be 
dependent upon fop xreqnoncy and / or intensny of ultrasonic excitation, sad 
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therefore mpM® such parameters: for the wltrasoaio exoltatiox- may be selected 
accordingly. 

'The. contrast agent may be introduced into fee target "body using Impym. 
S techniques that cause the contrast agent to selectively locate at selected 
locations in the target. 

A receive transducer 86 Is used io receive echo signals. *E* from the target 84, 
wnidh echo signals are passed to a signal processor BTg sign&l processor 87 
10 is adapted to process the received echo signals B to drfferentiate betweers, fest 
structures within the target whose physical properiisis eliange as a function of 
the conditioning signal and the second stoierrj^ 

pxopoxlies rexKam sufestaa#aBy invariant in. response to the ccmditiomrig signal, 
Y&nom taelMqnes thai may be used by the signal processor 87 will be 
15 discussed feemafte, 

M control imit 8E maybe provided to ooc^dixtafc and synchronise the activities 
of fee signal; generator components Sl> : 82 f 83 sad. the signal processor EB< 
Those slalled. in the art will recognise feat •th^.'-^motjems of the transmit and 
20 receive; transducers 80, 86 m&j be comblaed m a single transducer or 
transducer army. 

Preferably, the system incrad^ an irnage display unit 89 adapted for the display 
of the first and / or second, structures and their relative locations within the 
25 target body, according to known principles of ultrasonnd ixnaging. 
Alternatively, or fa addition, the image display unit con! d ie erode any suitable 
form of output device, rocladfug a data storage receptacle. 

As used, in 'the present apocifroatioa, the: egressions hmaghyy and 'defection* 
30 in the eontexi of the Transmitted and received ultrasound signals is imended to 
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encompass the obtaining of any kind of location data relating to specific 
structures within ths target 84. 

Remixing now to tig are 1, the radiasmrne carve J O is shown for a ■ vibrating 
S contrast agent "bubble thai is being msoniBW with 0.5 MHz signal having as 
acoustic amplitude of ISO kPa, "this low ifegueney signal is used as a 
condiiioriiog signal (produced "by signal source SI, figure 8), The bubble has a 
resting at nominal radius of 2 microns as Indicated, by the flat portion II of/the 
carve. The bubble is encapsulated by a shell whose elastic properties are 

10 similar to those of known, m^^&-&mm^Mg&i^ Tdm bubble expands and 
compresses under the MIxioxxcq of tlso eondmoBrng signal It reaches a 
Jsasxtem radius of .2.34 microns (m&reaioe numeral M). dtm&g the mpimmm 
phase and shriuios to a mum^um ludius of IMS. mmroB <^Mmm mimeml 13) 
during the epffipressio«:pba»e, 

15 ; ' 

A.Hgb«r-^pwy fetectida mgBsij ge&Cated by signal source 82 k then used 
: fo|ipmg« $k® oseil&tiw.oi^is.bnW?? atvi^.ixuaxamal aod minimal siga Figure 
iCa) shows to response 20 of die small (L8S micron) Bubble* and figure, 2|o) 
shows the response 25 of the large hnhMegir> b %3 MHz deteouoii signal with 
20 an acoustic amplitude of 120 kPa. Since the smallest bubble has a natural 
resonance frequency closer to the detection signal frequency (3,5 MHz),, its 
acoustic response demonstrates much higher amplitude 21 ibaii that of the 
larger bubble (shown, at 26), In auditiom the smaller bubble clearly 
demonstrates more uonhmearity in the response. 

25 

Figure 3 shows the response 3 0 of tbe h^ 2 micron ra.dms 

to an exoitadon signal tim ecsatams dual frequeucies 0.5 MHz and 3.5 MHz 
(simultaneous transmission). The dotted line 3:1 represents the radius-time 
curve (shown, as a function of change; hi ramus) of the bubble to .the signal 
30 having only a single fiequeacw 0.5 MBsy This sh<jws tbe «>:par;bon phase 

c 
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(positive-going pmkm 32} and comfWli^- pW$&<{mm^®~mm portion 
33) of this bubble relative to the nominal radius (sauo portion 34). Use solid 
lint 35 shows the acoustic response at 3.5 MHz, which indicates a strong 
asymmetry. 

5 

The bnb'bh exhibits a stronger response daring the oompression phase 33 5 
which corresponds to the smaller bubble radius (down to 1.85 microns);, 
Itarmg the expansion phase 31, where the original himble grows to tip to 234 
xaieroBS, the bubble response is weaker. Figure 3 demonstrates that the bubble 
10 response is different depending on the phase of the conditioning 0,5 MRk 
signal During the compression phase of the 0.5 MHz signal, tbe bubble 
shrinks and gets smaller. At this titoe the detection ^gnal at 3 J MHz will 
detect: ox image a small bubble. At the rareianhoaa phase of the 0.5 MHz signal, 
the bubble expands and the detection signal will deteet a cilierent bubble with 

Tte% in a general smse, it will be noted that te deteotioa signal echoes hm& a 
first average nia^ihide (relatively large) arising from periods (e.g. 33) when 
^ : -oc^^egsslag;§^saj is m a.Mrst (eornpreagioh) phase and a second average 
20 icagrdtude (relatively smaller) arising from periods (e.g. 32) when the 
conditioning signal is in a second (expadisioxi) phase. 

Figure 4 shows the same results but with "these, the echo signals 40 are filtered 
around the second barincnxic frequency (7.0 .MHz), the dotted line 41 
25 represents the radius-dline curve (ehange in radius) indicating the response of 
the babble to the 0.5 MHz signal. The solid Sine 42 shows the seooud 'harmonic 
(2H) echo signal. When the hnh'ble ia smaller and closer to resonance sice 
(negative-going poriion 43), it generates more nomlmearlbes and thus more of 
tee second hannoreio component eoMparcd to when it expands (posxdve-gobag 
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portiois 44) arid the mns-hnear behaviour erf the hubble is daspped. The dotted 
Sine 41 is the same as: line 31 in figured. 

Ultra daw optical observations of bubbles inxomiled simultaneously at Iwo 
5 different frequencies were earned out using an ultra-Tast camera. To 
interrogate the bubbles at two different frequencies, two different transducers 
were used. The transducers bad centre frequencies of 0.5 MHz and 3.5 MHz. 
The transducers were .mounted in a Hsxiglan container and positioned stinh that 
their focal distances coincided at a depth of 75 mm. The optical observations 
10 were carried oat at a ferae rate of 13.45 raillion femes per second and 128 
snccessiwa frames were recorded. The acoustic pressures as measured 
separately were approximately 100 kPa at both, the 0.5 MHz m& 3.5 MHz 
frequencies. Commercially available contrast agent was used. 

3:5 figtm 5 shows the first frame 50, wMq& w;as reboTcled at the arrival of die 
ulnndonnd. signal- Bubbles wife ^axioiis s&es were present m fee: view- aud die 
following analysis was based on the bubble 51 which, had a resting diameter of 
a|)proxiniafceI:y 4 miefons , 

20 Figure 6 shows fee global diameter- time curve 60 of thai bub'bl e 5 1, which was 
oscillating under fee effects of both 0.5 MHz eondfdonmg signal and 3.5 MHz 
detection signal, The curve 60 sfcsws cTeafly two fequeneies present m the 
tefeMe, response, a low frequency iudicaiea by period 61 and a higber 
frequency indicated by period 62, Hgure 7 shows the filtered dismetervfm.e 

25 surras 7T 72 around 0.5 TSHz (dotted lioae 71) and 3.0 MHz (solid line 72) 
frequencies, 

Up to 3 microseconds (period indicated at 73), the 0.5 MoT signal amplitude is 
low and. the vibrations; of the bubble 51 dbnxiug this period of time are weak. In 
30 a< n, 3- oinpi - esaio?v and expsasion phases of the bubble are small 



mmmng that the bubble size does not change signihcandy between the 
co:mpreasioxi and xarefeictiois phases 14, 75 Consequently the vibrations 72 of 
the bubble at 3,5 MHz are almost equal between the two phases 74, 75. 
However beyond 3 shcroseconds, the 0.5 MHz signal atophmde has increased 
and much stronger vibrations of the Imhble now occur at this frequency. The. 
bhbbk 51 radios decreases to about 3 microns and expands up to 6 microns. 
Doting these oscillations, tie 3.5 MH« detection, signal interrogates the sarne 
bubble 51 of variable size. This is seen in ibe response 72 M %5 MHz, which 
shows different responses depending ^hsflkm a compression phase (period 
shown, at 76) or an. expansion phase (period shown at 77) of ibe 0.5 MHz 
conditioning signal is seen by the bubble. 

It will "be understood that selection of agpropto conditioning signal 
irecpeiieies and. mfc^sMies and selection of appropriate detection signal 
decadencies :aiid mtettsihes 7$#il! be dependent upon the physical properties: of 
'the body under exarrhnation and of the first and second types of structures 
therein:. 

In a typical application of imaging !tehsn or animal tissue, in which 
conditional, commercially available contrast agents are used, fee preierred: 
conditioning signal frequency lies in the range 10 kHz to 5 Midz. More 
preferably, the conditioning signal frequency lies in the range 100 kHz to 800 
kHz, 7 lbs detection signal frequency preferably lies in the range 1 MHz to 50 
MHz, and more pre-fehly lies hi the range 1 MHz to 5 MHz. 



The signal blender 83= for confining flae condrdonhag and detection signals 
may use simple signal sinomahom .xgxsd&g, grjnplitude or power modulation 
techniques. 



wo immmTujy vcrmmms/wmm 



Signal processing of the - echo signals: m the signal processor 8? to detect the 
differences between the positive an d negative phases ox the conditioning signal 
can be performed using a number of teatmiqpes, 'Iljese iHolode pulse in version, 
Doppler or correlation nsethq&s as will now be dsserihed. 

5 

Pulse inversion Popper or correlation methods om all he applied to: (i) the 
Ml echo response-; (ii) the second harroorrio of the. echo; (id) higher harmonics 
or mb4mmmm of the echo.. Depending upon the exact nature of the body 
voider examination* different degrees of disorintmaiion between the first and 
I () second typos of structure within the target may be achieved. 

Withtrelerenee to figures 9 to 14, &e use of a pulse towensidm technique for 
signal: processing will now be described. Kgnre 9 shows first: and second 
■pulses 9.0, 91 fer Insonification of the target 84 according bsdp-Own tech'irlqp.es, 

IS the target 84 m excited using 'a fjist tra^Bn^t signal pulse 90 followstl by a 
second transmit signal pulse 91 that is inverted (ISO degree phase shifted), & 
ilgpxe % fee first 1 and: second pukes each comprise an. envelope of effectively a 
single fxecinenc^ In the pres^hhr^^iom the same pulse inversion sequence 
is used, but in this case- ti^^t:.'^s«§ : 100> IM essentially each comprise a 

20 Blended signal compnmxig two frecinencies: the conditioning signal and the 
detection signal. 

Figure 1 1 shows first and second, echo signal pulses 1 10, 1 11 resulting fxotn fte 
first tod second exfcitatkeft: %&^.pute PQ, M- Figure 12 shows the first and 

25 second echo signal pulses 120, 121 resulting teas, the first aud second blended, 
excitation signal pulses 100, 1.01. It is irnrnediatcry clear that the difxerencc 
between the first and second echo signals 120. 121 is substantially larger than 
the difference between the first and secern! echo signals 110, 111, illustrating 
the substantial improvement in disorhiaipation possible: with the present 

20 indention.: 



The echoes from the pulse hiy&mxm process ap, supped according to known 
techniques and the results shewn in figures 13 '-and 14, 

Mpm 13 shows fee echo summation (difference signal) 130 for me 
Qomex0m4 process, indicating only smell differences between the first and 
second (inverted) echo signals. The; difference represents second (and/or 
higher harmonic components that arc not cancelled by the stecsmation process* 
In ease of a felly linear system, the snnraiaiicn would be?- zero. 

Figure 14 shows the analogous result 1 4£) fm Hie double, frequency imagkig 
(eondihsajng: signal feqiisncy pfea detection signal freqnexK-.y) technique- of 
■fed present invention. The: echo difference signal 3.40 resulting ifoxn fee 
snnntmtion is sigmfieatrtly stronger than the echo difference signal, 130: frorn 
simple pulse inversion. For the case of a linear sy^ttnn> the snpsmaticn will 
result in a doubling of t^s.eatle^^'pai^--i3J:'fe :echo dlilereoce signal. 

In. prodacing a seeoml (iir^erted) excitation signal 101, the phase inversion may 
be applied to fee lower fiequene^ condiilonfeg Signal, to the higher frequency 
detection signah or to both. 

An alternative- signal processing teefmique: is to obtain, a. correlation between 
identical first and second signals time sfeftedrelahve to one another. 

Figure 15 shows a first dualrfipe^mm©^ teaasmit signal pulse I SO (e.g. of N 
periods of die eondmonmg: signal frequency) and a second dual frequency 
transmit signal pulse 151 which is replica of the first, but shifted by a half 
period of the co-uf cooing signal frequency. 



Two segments 1.52, 1S3 of th&- same length, are then selected Tom the two 
echoes corresponding to the response to i.he expasssion pressiire cycle arid to the 
compression pessure cycle. These two: se|OTenta 15A 153 of the echo signal 
poises are then correlated or compared. The resulting ooxrelaflon is maximal 
when no .bubbles (non4ineaf sTaorores) arc; present (only "tissue, ox linear 
stoemres) meaning that the response at fee compression arid &xpete$i<m phases 
are similar. The correlation is null (or very small) when bubbles (i.e. non- 
linear structures) are present m the body being exaxr>xned. 

Xbase two bnpleni^adon options can be performed on the wbole received 
©phi© signals ~~ meaning the raw mho signal is used to perform $w mmmztiio® 
(figure 14) or delay and correlation (figure 15). The signal processing cm also 
be carried out on filtered echo signals. A second harmonic filter can he applied 
to the echo signals in either offe ligure 14 and fignte 15 teoln^^ufes. 

A snperflarmonio filter (third harmonic, fontth haranonio, Hftb. fiarrnornc or a 
combination thereof} cat?, also be used prior to carrying out dec signal 
processing described above. A. sub4aarmonio filter and or an uld-a^iaxBaouie 
filter could also be wod< 



Other embodiments core intentionally within the scope of the accompanying 
claims. 
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CLAIMS 

L Apparatus for ultnisoirod knag mg oornprismg* 
a signal generator; 

a transput transducer coupled to fee signal generator ibr sinmltc-seously 
iztadEatfeg a target with a relatively low frequency ultrasound conditioning 
sigpail and a relatively high &equency ^Ilrasouncl dote c tier; sigmi~ 

a receive tmm$mxr. 'for receiving echo signals from the target; and 
a signal processor adapted to; process the received echo signals to detect 
the presence of first structures nuthin the target causing a first magnitude of 
detection signal echo arising fx ore. periods when the eonditsoniBig signal. Is in a 
first phase and a second, different, magnitude of defection signal echo arising 
•j^l^ p^do^ Wjt* the conditioning 1 sign&l m itt a sscoBd. pliase. 

X The appsratos of claim 1 in which the signal processor is adapted to 
process: the received echo signals so as to dafierentiate said Mwi striac^res 
within the target whose physical properties change as a faction of the 
ooxidrdoTUng signal from second stmeferns whose corresponding physical 
properties remam ^b|^^^y'tol#it-.|si response to the conditioning signal, 

3, The apparatus of claim 1 or claim 2 in which the conditioning signal h.as 
a fxeqaency in the range 1 0 Wz. to 5 Mffe. 

4, The apparatus of claim 3 in which the conditioning: signal has a 
frequency in fheraage 100 kffe t0 : »Mtz> 

5, "the apparatus of any use of claims 1 to 4 in which the detection signal 
fas a trees cacy in the range 1 WBz to SO MHz, 
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6. The apparatus of clam"! 5 in which the detection sigaa; has a frequency 
m the range I MHz to 5 MHa. 

7. The apparatus of airy one of claims I to 6 m which the signal processor 
is adapted to determine the response of the first struemres to the detection 
Signal datmg positive and -negative cycles of the oondhdoning signal 

8< The apparatus of airy one of claims 1 to 6 in tfticfl tie signal generator 
and transmit transducer are adapted to pt§&m » first excitation signal pulse 
and meeessrveiy a second excitation signal pnlse that is a phase-inverted 
replica of the first excitation signal pulse; and 

in which the signal' f f 5oessor :i&eit«les .ineass-fcnr j^essmg 1$ie.?e6ei^ea 
echo signals to determine the response bf the; fest sirucftn-es to the first and 
second excitation signal pulses, 

% The apparatus of claim 8 in wMch th«d%5t and second excitation signal 
pulses (^^ils»: : &^pp»dilwf»^g signal 

10. The apparatus of claim S or claim 9 in which the first and second 
excitation signal pulses comprise the detection signal 

1 1. . The apparatus of any preceding claim m which die transmit Paxrsdooer is 
adapted to transmit at least a first excitation pulse and a second excitation pulse 
each including a said oondmonmg signal fcpency and a said, detection signal 
frequency, the second excitation pulse being a phase diversion of ih.e first 
excitation pulse; and 

in which the signal: processor comprises a pulse inversion processor for 
detcrcaimng a difference between an echo signal from the first excitation pulse 
and an echo signal f on; the second excUndon poke. 
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12, The apparatus of any one of claims I to 10 in which the transmit 
tispg&tm is adapted to transmit a.t least a first excitation pulse and a second 
excitation pulse each including a ^jd 0»iJ#i^femg-^gi^i:fr^u^^ and a said, 
detection signal freqneney> the second excitation prdse feeing a phase ahifted 

■ 

S version of die first excitation paise; and 

in which die signal processor comprises a correlation process©* for 
detenriuirsg a difference between at least portions of an echo signal from -the 
first excitation no ho and an echo signal from tfe ^eeatBd cseltati^n pulse.. 

IS 13 - The apparatus of any preceding claim mrmer momdiBg an image display 
system adapted to indicate locations of fee fet sfenc^rte within the target. 

14. Tire Apparatus of claim 2 farther nieiuding an koage display system 
adapted to Meats; relative locations of tfie irxsi and second, structures wit'Mn 

1.5 die target 

15, Trie apparatus of my preceding, claim m wMdh. the signal processor Is 
adapted to process one or more kan^omes of the received echo signal, 

20 1 6. A method of nltrasonnd imaging comprising die steps of: 

sdmdtaneously irradiating a target with a relatively low frequency 
ultrasound conditioning signal and a. relatively high frequency A™d 
detection signal; 

receiving echo signals torn the target; and. 

25 processing the received ecno signals to detect the presence of .tarst 

structures within die target censing a first magnitude of detection signal esclro 
arising from periods when dro conditioning signal: is in a first please and a 
second, different nragnitade of detection.: signal echo arising from periods 
when the conditioning signal is in a second phase. 

i>o 
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17, The method of claim 16 wsepfe the step of processing the received 
echo Signals is adapt* b- i feeaiiats said first strictures \m - ! 5 target 
whose physical properties ricmge as a function of the conditioning signal tvom 
second structures whose corresponding physical properties remain substantially 
invariant in response to the condhionrng signals 

IB. The method of claim 16 or claim I? in which die first structures are 
contrast agent structures, and. inchading fee step of introducing the contrast 
agent structures into selected locations of the target. 

M The method of claim IS in which the crnitmst agent structures ares 
putiMes of fluid, 

20. The method of ClahP 19 in which the contrast agent structures: are 
fcubfelessfgas, 

21 . The method of my one of claims 1 6;tp 2{| in which the physical property 
of -the first sfeactures that eihapges; m response to the conditioning .signal is a 
ske of each: of the first strnetares . 

22. Tile method of claim 21 when dependent from claim 18 or claim 1.9 its 
which a physical property 01 the first stm?^'^s ;, '#a:t : Gibanges in response to the 
eon.ditiord.ng signal is a. resonant frequency. 

23. The method of any one of claims: 16 to 22 fn which the oonditiordricr 
signal has a frequency in the range 10 KHz to 5 MHz. 

24. The method of claim 22 in -which the captioning signal has a 
frequency in the range 100 kHz to SCO kHz. 
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25.. The medhod of my one of emirns 16 to 24 in which the detection signal 
has a frequency m the tmga I Mliz to 50 MHz. 

36. The ■ -method of claim 25 in which, the detection signal has a frequency m 
5 the range 1 MHz to 5 MHz. 

27, The method of aey cos of claims: j.o to 26 m which the step of 
processing the received echo signals eompriaes the step of detemumug the 
response of the first stracbmes to positive and seg&tlve cycles of the 

1 0 ccaiditi ooing si goal . 

28, The method of any one of claims 16 to 26 m ^hich the step o:f 
processing the remw&& echo signals comprises the step of dstemhning the 
response pf the first Mmctares p. a $m exeit^dp signal poise mi®. So *s 

U moczmim second emitMion. signal pttlsa -a plm^mv^dwpMm of th® 
first c^eitaiion signal poise. 

29, The method of claim: 28 in which the feist and second excitation signa l 
pulses comprfae : fhg eoBdltioimjg signal, 

.20 

:3th The method, of claim 28 ox ol$dx& in which the first and second 
excitation, signal pulses comprise the doteolioa signah 

31, Apparatus substantially as described herein, with reference to the 
25 accompanying drawings. 
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